The accessory olfactory system is a unique model that can give insights on how the neurons can establish and maintain their identity, and connectivity. The vomeronasal organ (VNO) contains two distinct populations of vomeronasal sensory neurons (VSNs) each with specific innervation patterns to the accessory olfactory bulb (AOB). Though morphogenic signals are critical in defining various neuronal populations, the morphogenic signaling profiles that influence each VSN population remains unknown.
Introduction
Neurons form complex and conserved neuronal circuits by innervating the dendritic compartments of specific target neurons. One current goal in neuroscience is to delineate the underlying mechanisms that establish and maintain neuronal diversity, identity, and connectivity. The vomeronasal organ (VNO) is a specialized vertebrate olfactory subsystem used to detect pheromones (Cloutier et al., 2002; Dulac, 2000; Isogai et al., 2011; Mombaerts et al., 1996) . As the main olfactory epithelium, the vomeronasal neuroepithelium continually generates new neurons (de la Rosa-Prieto et al., 2010) . As newly formed neurons mature, they innervate dendrites of specific second-order neurons in the accessory olfactory bulb (AOB) (Mombaerts et al., 1996) .
The sensory epithelium of VNO in mice is composed of vomeronasal sensory neurons (VSNs) that selectively express receptors encoded by one of the two vomeronasal receptor (VR) gene families: V1r and V2r. These non-overlapping V1r-and V2rexpressing populations of VSNs bind different ligands, project to different areas of the AOB, and trigger distinct innate behaviors (Chamero et al., 2012) . V2r-expressing neurons localize to the basal portion of the vomeronasal epithelium and target posterior regions of the AOB, while V1r-expressing neurons reside in the apical portion and project to anterior regions of the AOB.
Olfactory sensory neurons (OSNs) in the main olfactory system that express the same olfactory receptor gene target the same glomeruli in the olfactory bulb (OB). However, in the vomeronasal system, VSNs expressing the same receptor coalesce onto multiple glomeruli within spatially conserved regions of the AOB (Belluscio et al., 1999; Del Punta et al., 2002) . Recent evidence indicates that unidentified spatial cues in the nasal area likely influence OSN gene choice and target specificity (Coleman et al., 2019) . Our current knowledge of the underlying signals that establish the spatial (apical-basal) identity of VSNs and delineates synaptic partners remains limited.
Molecules belonging to the Transforming Growth Factors (TGF) super-family, such as TGFβ, Activin, and bone morphogenic proteins (BMPs), control nervous system growth, differentiation, axonal growth patterning, and network formation (Banerjee and Riordan, 2018; Le Dreau et al., 2012; Lee et al., 2000; Liem et al., 2000; Liem et al., 1995; Schmidt et al., 1995) . Retrograde BMP signaling controls neuromuscular junction synaptic growth and cytoarchitecture in drosophila (Ball et al., 2010; Piccioli and Littleton, 2014) . BMP signaling also contributes to establishing neuronal identity and defining somatosensory map formation in the rodent trigeminal nerve (Ball et al., 2010; Banerjee and Riordan, 2018; Berke et al., 2013; Fuentes-Medel and Budnik, 2010; Hegarty et al., 2013; Hodge et al., 2007; Liao et al., 2018; Piccioli and Littleton, 2014) .
Whether molecules of the TGF-β family play roles in defining specific neuronal identities and synaptic circuit formation of the VNO with the brain has not been explored thus far.
Smad4 is a central signaling molecule in canonical TGF-β/BMP intracellular signaling.
Upon ligand-receptor binding, Smad4 forms a complex with phosphorylated R-Smads (Smad1, 5, 8 for BMPs or with Smad2, 3 for TGF-β) that translocate to the nucleus to activate gene transcription (Shi and Massague, 2003) . BMP ligand's affinity to extracellular matrix components such as collagen IV (Col-IV) define spatial BMP signaling gradients (Bunt et al., 2010; Garamszegi et al., 2010; Paralkar et al., 1991; Paralkar et al., 1992; Wang et al., 2008) .
Here, we characterized the role of Smad4 mediated signaling to define neuronal identity, circuit formation, and/or homeostasis of VSNs using the AP-2εCre mouse line to conditionally ablate Smad4 expression in immature basal VSNs and OMPCre mice to ablate Smad4 in mature apical and basal VSNs. We show that loss of Smad4 dependent intracellular signaling compromises functionality, survival, and proper circuit formation of basal VSNs to the pAOB.
Results

Localization of active BMP signaling in basal VSNs.
We analyzed mRNA-seq data from postnatal VNO and discovered a source of multiple molecules of the TGF-β family (GSE134492). We validated gene expression of select genes via RT-PCR ( Fig.1 A,B) . By analyzing the expression of BMPs in the VNO using in situ hybridization against BMP4 and BMP6, we revealed BMP expression both in apical and basal territories of the VNE (Fig. 1C,D) . Extracellular matrix components such as Collagen IV (Col IV) may participate in establishing active BMP signaling by sequestering or immobilizing morphogens and facilitating receptor binding (Bunt et al., 2010; Garamszegi et al., 2010; Paralkar et al., 1991; Paralkar et al., 1992; Wang et al., 2008) . Col IV and PECAM immunostaining highlighted Collagen IV expression in the basement membrane of the VNO and around the PECAM+ vasculature that invade the basal positions of the VNO (Fig.1 F1-2) .
We then performed immunostaining against p-Smad1,5,8 and p-Smad2 to monitor the activity of BMP and TGF-β signaling pathways in the VNE. P-Smad1,5,8 immunostaining showed immunoreactivity in PECAM positive endothelial cells (Fig.1 I) and in VSNs in the basal territories proximal to PECAM+/Col IV+ vessels and basal lamina ( Fig.1 G,H) . Using sections from AP-2εCre +/-/R26R lineage traced animals (Lin et al., 2018) , where basal cells are genetically traced after AP-2ε expression ( Fig. 1 I) , double immunofluorescent staining against p-Smad1,5,8 showed that nearly all basal VSNs were positive for active BMP intracellular signaling beginning at the marginal zone ( Fig. 1 I, S1 B,D) . We detected only background levels of p-Smad1,5,8 immunoreactivity in the apical territories. In contrast, p-Smad2 immunostaining indicated active TGF-β signaling in both apical and basal territories ( Fig.1 L,M) .
Since the pattern of BMP signaling appeared stronger in cells in the basal territories proximal to Col IV rich basement membrane and vasculature ( Fig. 1 G,H) , we performed a densitometric analysis for p-Smad1,5,8 cell immunoreactivity in relation to distance from the basement membrane. We found a negative correlation in the expression of p-Smad1/5/8 and the distance from the basement membrane ( Fig.1 J K) .
Based on these data, we propose that basal VSNs actively transduce BMP signaling and that there is gradient of active BMP intracellular signaling within the basal region of VNO . We then analyzed the VNE from Arx-1 null mice, which lack an olfactory bulb and have no connection between VSNs and the brain (Taroc et al., 2017) . We found a similar pattern of p-Smad1,5,8 immunoreactivity as in control animals (data not shown).
These data suggest that the identified p-Smad 1,5,8 basal to apical gradient in the VNO reflects locally produced morphogenic signals rather than retrograde signaling as shown for other systems (Ji and Jaffrey, 2012) .
Maturing vomeronasal sensory neurons show active BMP signaling in marginal regions of the VNO.
In addition to the basal-apical BMP signaling gradient, our densitometric analysis also revealed significantly stronger p-Smad1,5,8 immunoreactivity in basal marginal regions of the VNO compared to medial regions ( Fig. S1 B) . The marginal regions contain immature basal (GAP43+; AP-2ε+; OMP-) and immature apical VSNs (GAP43+; Meis2+; OMP-) ( Fig. S1 ,C,D,F,G, Use Fig. S1A as a reference) (Brann and Firestein, 2010; Giacobini et al., 2000) . We then quantified pSmad1,5,8, AP-2ε and GAP43 immunoreactivity ( Fig. S1 B-D ). We observed a higher level of expression for all three markers in the marginal regions of the VNO compared to medial portions where neurons reach maturity (OMP+)( Fig. S1 B, C,F) . In contrast to the pattern of active BMP signaling, immunostaining and quantification for active TGF-β signaling p-Smad2 and apical marker Meis2 did not differentiate marginal and medial regions of the VNE (Fig.   S1 E,G). Based on the spatial correlation between high levels of active BMP signaling (p-Smad 1,5,8) and the basal VSN specific transcription factor (AP-2ε) in immature VSNs (GAP43) ( Fig. S1 B,C,D), we speculated BMP may contribute to the maturation process of basal VSNs.
Conditional ablation of Smad4 disrupts TGF-β/BMP signaling in basal VSNs.
To investigate the role of canonical TGF-β/BMP signaling in differentiating basal VSNs, we exploited AP-2εCre mice as a genetic entry point to conditionally ablate Smad4 flox/flox (Yang et al., 2002) in immature (GAP43+) basal VSNs (Lin et al., 2018) . We validated AP-2εCre mediated ablation at postnatal age P15. The VNO at this stage is functional and close to its final size, but still retains a considerable amount of immature neurons generated during the postnatal proliferation peak (Wakabayashi and Ichikawa, 2007) .
We validated the ablation of functional Smad4 with two approaches. We performed in situ hybridization using an RNA probe against exon 8 of the Smad4 gene, which is flanked by LoxP sites (Yang et al., 2002) , and immunohistochemistry against Smad4 (Benazet et al., 2012; Yang et al., 2002) . Smad4 mRNA and protein expression analysis on Smad4 flox/flox controls, triple heterozygous mutants AP-2εCre +/-/Smad4 WT/flox /R26 YFP+/and traced conditional KOs AP-2εCre +/-/Smad4 flox/flox /R26 YFP+/verified Smad4 ablation in the cells that underwent Cre mediated recombination (Fig 2 D-F2 ).
In Smad4 flox/flox control animals, visual observation indicated comparable Smad4 mRNA levels in both basal and apical territories of the VNO (Fig.2 D-D2 ). In triple heterozygous AP-2εCre +/-/Smad4 flox/WT /R26 YFP+/mice, we detected weaker Smad4 expression in basal domains compared to apical regions, likely reflecting the loss of one allele ( Fig.   2E -E2). In the conditional KO, the majority of cells positive for AP-2εCre recombination in the basal domain marked by YFP were negative for Smad4 transcript expression ( Fig.2 F-F2 ). Using immunolabeling against Smad4, we confirmed the loss of functional Smad4 protein expression in basal territories starting at the marginal regions ( Fig. 2 G,H). Using Smad4 and YFP double-immunolabeling on sections from AP-2εCre +/-/Smad4 flox/flox /R26 YFP+/mice, we quantified the recombination efficiency of approximately 98% ± 0.716% (Fig. 2 I-I2 ) starting at the marginal zones of the VNO, which contains immature neurons (Use Fig.S1 A,B as a reference).
AP-2εCre driven Smad4 ablation shows no clear abnormalities at 2 weeks after birth.
To test the effects of Smad4 conditional ablation in maturing basal VSNs, we analyzed the cell composition and maturation state of cells in the VNE at P15. At this stage, we found a small but significant increase in the number of proliferative (Ki67+) cells, which suggests a compensatory response to epithelial cell loss (Lin et al., 2018 ), ( Fig. 3 A,B,C). However, we did not detect significant changes in the number of cells positive for the apoptotic marker cleaved caspase3 ( The first two post-natal weeks are critical for the development of the vomeronasal organ and formation of functional synaptic connections to the AOB (Hovis et al., 2012; Roos et al., 1988; Weiler et al., 1999) . So, we examined if Smad4 ablation affects the homeostasis and/or connectivity of fully mature basal VSNs. We analyzed AP-2εCre +/-/Smad4 flox/flox conditional KO (AP-2εCre/Smad4cKO) and relative control ( Smad4 flox/flox ) at P60, which is the stage when most VSNs reach maturity and have formed functional connections (Hovis et al., 2012) . Analysis of AP-2εCre +/-/Smad4cKO animals at P60 revealed a 30% to 50% reduction in the number of VSNs expressing the basal markers Gαo, V2R2, and AP-2ε; however, we did not detect any changes in the number of apical (Gαi2 positive) cells ( Fig. 4 A-J). The cell density of basal VSNs significantly increased in Smad4cKO mice compared to controls (+54.72%; p= 0.0017), while no difference in cell density occurred in apical VSNs. We then sought to determine if basal cells in Smad4cKO mice transdifferentiated into apical VSNs (Lin et al., 2018) by performing AP-2εCre +/-/R26R lineage tracing on Smad4 conditional mutants (AP-2εCre +/-/Smad4 flox/flox /R26 YFP+/-). In contrast to the AP-2ε KOs (Lin et al., 2018 ) these mutants did not show the presence of VSNs that have transdifferentiated from basal to apical VSNs ( Fig. 4 K-L1 ).
By analyzing GAP43 expression at P60 we detected a significant increase in immunoreactivity in the central and the basal region of the VNO of the AP-2εCre +/-/Smad4 flox/flox ( Fig.S2 . A,B,E,F,I,J). By performing Smad4 and GAP43 immunostaining on AP-2εCre +/-/R26RYFP control and AP-2εCre +/-/R26R YFP+/-/Smad4 flox/flox mice, we verified that elevated GAP43 immunoreactivity was limited to basal neurons that underwent AP-2εCre mediated recombination ( Fig.S2 . C-H). Double OMP/GAP43 immunostaining showed GAP43 immunoreactivity in mature basal VSNs in AP-2εCre +/-/Smad4 flox/flox mice, while controls only showed sparse double positive cells (data not shown). These data suggest that Smad4 ablation in maturing basal VSNs can still form mature basal VSNs but can compromise aspects of maturation and long-term survival of basal VSNs.
Smad4 ablation in basal VSNs compromises basal VSNs activation after odor
exposure.
Exposure to whole male urine activates both basal and apical VSNs (Silvotti et al., 2018) . Pheromonal stimulation of VSNs induces sustained phosphorylation of S6 ribosomal protein (pS6), which can serve as an indirect marker of neuronal activity (Silvotti et al., 2018) . We assayed VNO function in our Smad4 cKOs by exposing male AP-2εCre +/-/Smad4 flox/flox and Smad4 flox/flox controls to whole male urine and collected the animals 90min after exposure. Analysis of pS6 positive cells showed a significant reduction in activating basal sensory neurons. These data suggest that lack of Smad4 dependent signaling compromises the function of basal VSNs ( Our results from AP-2εCre +/-/Smad4 flox/flox experiments revealed increased GAP43 immunoreactivity in basal VSNs ( Fig. S2 A-H). Typically, GAP43 expression occurs in immature neurons that form an axon, undergo synaptic targeting or retain some plasticity (Enomoto et al., 2011; Strittmatter et al., 1990; Strittmatter et al., 1992) . To understand if the lack of Smad4 signaling alters axonal targeting, we analyzed VSN projections to the AOB. Immunostaining against the basal axonal marker Robo2 (Prince et al., 2009 ) and apical axonal marker Nrp2 indicated a ~50% reduction in the area occupied by Robo2+ (basal neurons) axonal projections to the pAOB of AP-2εCre +/-/Smad4 flox/flox , consistent with reduced numbers of basal VSNs (Fig. 5E ). We did not observe differences in the aAOB (Fig.5E ).
VSNs form synapses with dendrites of second order neurons within organized glomeruli of the AOB. Basal VSNs form synapses in the posterior region of the AOB (pAOB), while apical neurons project to the anterior region of the AOB (aAOB) (Brignall and Cloutier, 2015; Prince et al., 2013; Prince et al., 2009) . To understand if Smad4 signaling is important for axonal organization, we performed immunostaining against OMP, Robo2, and the presynaptic marker Vesicular Glutamate Transporter 2 (VGlut2).
Even though these results showed well defined glomeruli in the anterior and posterior AOB of control animals, we detected significantly fewer and larger glomeruli in the posterior portion of the AOB of AP-2εCre +/-/Smad4 flox/flox (Fig 5 C, D, F, G) .
Neuronal loss in the basal VNO in adult mice and the abnormal number and size of the glomeruli suggest that Smad4 ablation in maturing VSNs compromises the long-term homeostasis of VSNs and their axonal convergence to specific glomeruli (Prince et al., 2013) . To test the function of the synaptic connections between VSNs and mitral cells in the AOB, we analyzed the anterior and posterior mitral/tufted cell layer (MTL) of male animals after male whole urine exposure. By performing immunostaining against cFos, we found significant reduction in the urine exposure activated mitral cells of the posterior AOB of the AP-2εCre +/-/Smad4 flox/flox , however we also detected a reduction in cFos activation in the mitral cells in the anterior AOB ( Fig These data suggest that Smad4 ablation in basal VSNs compromises VSNs homeostasis, but does not prevent the formation of functional synapses. However, the reduction in cFos activation in the anterior AOB likely indicates a postsynaptic defect secondary to Smad4 ablation in the mitral cells of the aAOB. In fact, we previously reported that some of the mitral cells of the AOB are positive for AP-2ε lineage (Lin et al., 2018) .
Smad4 ablation in mature VSNs
We then sought to determine if Smad4 dependent BMP/TGF-β signaling is only required in a defined developmental window or if it necessary to maintain long term synaptic function and VSNs homeostasis. So, we exploited the OMPCre mouse line to conditionally ablate Smad4 in both apical and basal mature VSNs. In controls, Smad4 immunolabeling at P60 confirmed expression throughout the epithelium, while we found almost complete Smad4 ablation in both apical and basal territories after OMPCre mediated recombination ( Fig 6. A,B ,C). In the epithelium, the only cells positive for Smad4 are immature neurons which are strongly immunoreactive for GAP43 and negative for OMP (data not shown). We then examined whether Smad4 is required for neuronal activity of basal VSNs in a developmental time dependent manner. We examined VSNs neuronal activation following exposure to male urine. We used phosphorylated ribosomal subunit pS6 as a readout for VNE activation. We found no difference in the percentage of basal or apical VSNs activated between control and OMPCre +/-/Smad4 flox/flox mice (Fig. 6 P, Q, R) . This result suggests that Smad4 is not required for neuronal activity after basal VSNs have reached maturity. Next, we tested whether this conditional knockout showed impaired functional connectivity of VSNs. We performed immunostaining for cFos on AOB sections of Smad4 flox/flox control and OMPCre +/-/Smad4 flox/flox mice exposed to male whole urine. We found no significant difference in the number of cFos positive mitral cells for either posterior or anterior AOB.
Ablation of Smad4 in mature VSNs produces a disorganized glomerular layer in the posterior AOB but not the anterior AOB
Our analysis of VSNs' projections to the AOB revealed that the number of glomeruli in the posterior region of AOB was significantly reduced in OMPCre +/-/Smad4 flox/flox mice compared to controls. Within the posterior AOB region, we found a significant decrease in percentage of glomeruli with area less than 200(μm) 2 and an increase in the percentage of glomeruli with area more than 800(μm) 2 in OMPCre +/-/Smad4 flox/flox compared to controls ( Fig. 7 A-F). However, we did not observe any significant changes in average size of the glomeruli in the anterior region of AOB in OMPCre +/-/Smad4 flox/flox . These data indicate that Smad4 is necessary to form the correct somatosensory map between the basal VSNs and the posterior AOB but not for apical neurons.
Loss of Smad4 alters the expression of glycoprotein and presynaptic components
We then sought to elucidate the underlying molecular mechanisms that induce aberrant glomeruli formation in Smad4cKOs in both the models. So, we performed mRNA-seq Transcriptome data from OMPCre +/-/Smad4 flox/flox compared to relative controls (GSE134492) also showed significant upregulation of presynaptic molecules, such as synaptic signaling (Unc13-c) and synaptic assembly (Nrxn1) ( Fig.8 J,K,l). These mutants also showed upregulated tenurin-m2 (Tenm2), which participates in defining neuronal diversity and glomeruli formation (Berns et al., 2018; Mosca et al., 2012) . OMP levels can also alter normal olfactory glomerular map (Albeanu et al., 2018) . Our qRT-PCR analysis revealed similar changes in Nrxn1 levels between OMPCre +/and OMPCre +/-/Smad4 flox/flox . These data suggest that at least part of the aberrant Nrxn1 expression observed in the OMPCre conditional KOs may partially stem from the decreased expression of OMP alone (Albeanu et al., 2018) . We also observed that OMPCre +/mice had intermediate, but not significantly different, Tenm2 expression level between WT and OMPCre +/-/Smad4 flox/flox suggesting that OMP may act as a modifier modulating Tenm2 levels. However, there was a significant increase in Tenm2 expression level in OMPCre +/-/Smad4 flox/flox as compared to Smad4 flox/flox controls.
Glomeruli of Smad4 null mutants resembles that described after loss of Kirrel family molecules (Prince et al., 2009) , although our data did not indicate significant changes in Kirrel family molecules (data not shown).
Discussion
In this study, we conditionally ablated Smad4 at two developmental time points of the VSNs in order to determine the role of Smad4 mediated TGF-β/BMP signaling in the vomeronasal organ of mice. We found that Smad4 loss-of-function in maturing basal neurons alters the homeostasis of vomeronasal epithelium leading to progressive loss of the basal population. It also reduces the activation of the surviving basal VSNs in response to male urine and leads to aberrant glomeruli formation in the pAOB.
However, interference with Smad4-mediated signaling in mature VSNs does not affect neuronal activity nor survival, but causes aberrant glomeruli formation in the pAOB, but not in the aAOB. Our data suggests that Smad4-mediated signaling may play diverse role depending on the developmental maturity of the basal VSNs. We also demonstrate that TGF-β/BMP signaling may play a more critical role in homeostasis, neuronal activation and axonal convergence of basal but not apical VSNs.
Using transcriptome data, we show that the VNO expresses multiple members of the TGFβ /BMP family. We confirmed the expression of BMP4 and 6 by VSNs via in situ hybridization. Bone morphogenic proteins control proliferation, differentiation patterning, and survival of multiple tissues during embryonic development (Beites et al., 2009; Kuschel et al., 2003; Le Dreau et al., 2012; Liem et al., 2000; Liem et al., 1995; Lim et al., 2000; Schmidt et al., 1995; Tadokoro et al., 2016; Timmer et al., 2002) . Even though the roles of TGF-β/BMP inductive signals during embryonic development and their role in neuronal differentiation are well-studied, their role in homeostasis and connectivity during postnatal life remains largely unexplored. Mammalian olfactory epithelia have a large neuronal diversity and undergo continuous neurogenesis (Kondo et al., 2010) . These features make the olfactory system an interesting model to study the role of morphogenic signals after birth.
BMPs bind with various degrees of affinity to several ECM components, including laminins and collagens that sustain BMP signaling by binding and activating bone morphogenetic proteins. Sources of collagen IV can define a BMP signaling gradient by restricting the signaling range by sequestrating BMPs (Bunt et al., 2010; Wang et al., 2008) and facilitating its interaction with its receptors. We identified pronounced basal to apical BMP signaling gradients in the vomeronasal epithelium that were independent of gradients in BMP expression.
By generating AP-2εCre/Smad4 and OMPCre/Smad4 conditional mouse mutants, we experimentally tested the role BMP and TGF-β Smad4 dependent intracellular signaling in maturing basal VSNs (AP-2εCre/Smad4) and in mature apical and basal VSNs (OMPCre/Smad4). Together results from both models indicate that Smad4 intracellular signaling is necessary for basal VSNs survival and function in a certain developmental period, but our data suggests that it is dispensable for apical VSNs. Ablating Smad4 signaling in different maturation stages of VSNs exerts different outcomes. By ablating Smad4 in maturing basal VSNs, we found that Smad4 loss-of-function is compatible with the formation of the vomeronasal epithelium, as we could not distinguish the VNO of mutant animals from controls at two weeks after birth. However, we found compromised functionality of basal VSNs, aberrant connectivity to the accessory olfactory and reduced basal VSNs' neuronal survival in the vomeronasal system in adult P60 animals.
By analyzing cFos activation in the AOBs of AP-2εCre/Smad4 mutants after male urine exposure we detected reduced activation of the mitral cells in both anterior and posterior aAOB. While the reduction of cFOS in the posterior AOB likely reflects presynaptic defects secondary to Smad4 ablation in the basal VSNs, the reduction in cFOS activation in the aAOB likely reflect a post-synaptic defect. In fact, we previously reported that the mitral cells of the aAOB but not the ones of the pAOB are positive for AP2e lineage. Reduced cFOS activation in the aAOB of AP-2εCre/Smad4 mutants suggests a role for Smad4 in controlling maturation or function of the anterior mitral cells.
Conversely, Smad4 ablation in mature (OMP positive) VSNs did not affect the function or maintenance of basal VSNs, but affected normal formation of glomeruli in the posterior accessory olfactory bulb as observed in AP-2εCreSmad4cko. In both mutants, we found less and abnormally larger glomeruli only in the posterior AOB.
Retrograde BMP signaling in neurons can control synaptic growth at neuromuscular junctions and define the neuronal identity and somatosensory map formation of the trigeminal nerve in rodents (Ball et al., 2010; Banerjee and Riordan, 2018; Berke et al., 2013; Fuentes-Medel and Budnik, 2010; Hegarty et al., 2013; Hodge et al., 2007; Liao et al., 2018; Piccioli and Littleton, 2014) . Publicly available gene expression atlases indicate that the olfactory bulbs express various BMPs, including BMP 1,15, 6 and 8B (Allen brain atlas-ISH data). Our experimental approach does not permit dissociating aberrant local vomeronasal BMPs signaling and putative retrograde BMP signaling from the AOBs. We acknowledge our observations may reflect compromised local and retrograde morphogenic signaling. However, we feel this is unlikely considering we saw similar pattern of p-Smad 1/5/8 in VNE of Arx-1 Null mice, which lack olfactory bulbs, as the controls (Data not shown).
Using OMPCre mediated Smad4 ablations to alter both apical and basal VSNs, we observed significant changes in basal VSNs projections only. We found that the basal VSNs actively transduce higher levels of BMP signaling. We speculate that the basal to apical gradients we observed in the vomeronasal epithelium reflect local morphogenic signaling.
Selective connectivity of VSNs to the mitral cells and the formation of glomeruli in the accessory olfactory bulbs is defined by expression of specific vomeronasal receptors, guidance cues like Slit and Semaphorins, and adhesion molecules, such as the Kirrel family (Belluscio et al., 1999; Brignall and Cloutier, 2015; Cloutier et al., 2002; Del Punta et al., 2000; Ishii and Mombaerts, 2011; Prince et al., 2013; Prince et al., 2009 ). After Smad4 ablation in maturing and in mature VSNs, we observed an aberrant number and size of glomeruli in the posterior AOB. In AP-2εCre Smad 4 cKO, we found reduced neuronal activity in the vomeronasal epithelium, but not in the OMPCreSmad4cKO mutants. The glomerular morphology in AP-2eCre Smad4cKOs resembles that described in Kirrel 2,3 knockout mice (Prince et al., 2013 , Brignall et al 2018 . Activity dependent levels of cAMP (Prince et al., 2013 , Albeanu et al., 2018 can modulate expression of Kirrel 2,3 and refine glomeruli formation. We found similar aberrant glomeruli in both Smad4cKO models, even though neuronal activity was hampered only in AP-2εSmad4cKO mutants. Based on these data, we speculate that the observed phenotype may be independent from the loss of neuronal activity.
Analyzing transcriptome data of both mutants with Smad4 flox/flox and relative Cre controls, we did not find any indication of statically significant changes in expression levels of Kirrel molecules. Rather, we found upregulation of several presynaptic genes, including Nrxn1 and Unc13c (See supplementary data). One upregulated signaling protein after loss of Smad4, Nrxn1, is a transmembrane synaptic adhesive molecule that regulates the synaptic architecture and function in the brain. The interaction between trans-synaptic molecules, such as Neurexin1 and NCAM1, is crucial for defining pre and post synaptic target recognition alignment during synaptogenesis and synaptic transmission (Gerrow and El-Husseini, 2006 , Scheiffele, 2003 , Yamagata et al., 2003 . If changes in Nrxn1 expression level (Ko et al., 2009; Sudhof, 2017) define synaptic identity, we suggest that compatibility and selective connectivity warrants future investigation.
In OMPCre +/-/Smad4 flox/flox mutants, we also found significant upregulation of the glycoprotein Tenm2, a molecule crucial for defining synaptic matching and glomeruli formation of olfactory neurons in drosophila . In both Smad4 conditional models, we observed increased immunoreactivity for GAP43, which suggests compromised/incomplete neuronal maturation. We propose that Smad4 mediated signaling may modulate the required gene expression and chromatin rearrangements to complete VSNs maturation. Proteins of the Nrxn1 family undergo dynamic expression as neurons mature during development (Harkin et al., 2017) . Based on our findings in OMPCre +/-/Smad4 flox/flox (cKO) mutants, we speculate that changes in Nrx1 expression arise from an overall compromised maturation rather than a direct Smad4 dependent regulation. Though both models showed changes in the expression of multiple genes that contribute to synaptic formation and maturation, we did not detect obvious loss-of-function for neuronal connections between VSNs and the brain. In fact, both AP-2εCre and OMPCre Smad4cKOs mutants could activate mitral cells in the brain after urine exposure.
Overall, we found that Smad4 signaling is necessary for connectivity and survival in maturing VSNs. While Smad4 can lead to formation of abnormal glomeruli, it does not affect survival of mature VSNs. By ablating Smad4 in maturing or in mature VSNs, we revealed dynamic requirements for Smad4 signaling. Based on the phenotypes we observed, we identified a bias in the requirement of Smad4 mediated transcription for basal compared to apical VSNs. We speculate that the relative position of VSNs with respect to BMP signaling in the epithelium may define the expression level of genes for glycoproteins, adhesion molecules and presynaptic components that then modulate the specificity and accuracy of synapse formation in the AOB. These mice appeared healthy and survived to adulthood. Mice of either sex were used for ISH and IHC experiments. All experiments involving mice were approved by the University at Albany Institutional Animal Care and Use Committee (IACUC).
Material and Methods
Animals
Tissue Preparation
Tissue was collected after transcardial perfusion with first PBS and then 3.7% formaldehyde in PBS. Mouse brains were additionally immersion-fixed in 1% formaldehyde at 4°C overnight. Noses were immersion fixed in 3.7% formaldehyde in PBS at 4°C overnight, decalcified in 500mM EDTA for 3-7 days. After fixation and decalcification samples were cryoprotected in 30% sucrose overnight at 4°C, then embedded in O.C.T. (Tissue-TeK) and stored at -80°C.
Samples were cryosectioned using CM3050S Leica cryostat at 16μm (nose) and 20 μ m (brain) collected on Superfrost Plus Micro Slides (VWR). All sections were stored at -80°C until ready for staining or in situ hybridization.
Immunohistochemistry
Primary antibodies and concentrations used in this study were, *Gt α-AP-2ε( *Rbα-cFOS (1:250, cell signaling tech ). Microwave antigen retrieval in citrate buffer pH 6 was performed for the indicated antibodies (*) (Forni et al., 2006) . All primary antibodies were incubated at 4°C over-night.
For immunoperoxidase staining procedures, slides were processed using standard protocols (Forni et al., 2013) and staining was visualized (Vectastain ABC Kit, Vector, Burlingame,CA) using diaminobenzidine (DAB) in a glucose solution containing glucose oxidase to generate hydrogen peroxide. After immunostaining sections were counterstained with methyl green.
For immunofluorescence, species-appropriate secondary antibodies were conjugated with Alexa-488, Alexa-594, or Alexa-568 (Molecular Probes).
Immunofluorescent sections were counterstained with 4′,6′-diamidino-2-phenylindole (DAPI, 1:3000; Sigma-Aldrich) and mounted with FluoroGel (Electron Microscopy Services). Confocal microscopy pictures were taken on a Zeiss LSM 710 microscope.
Bright field and epifluorescence pictures were taken on a Leica DM4000 B LED fluorescence microscope attached to Leica DFC310 FX camera. Images were analyzed and quantified using FIJI/ImageJ software.
In Situ Hybridization
Digoxigenin-labeled cRNA probes against Smad4 Exon 8, BMP4 and 6 were prepared by in vitro transcription (DIG RNA labeling kit; Roche Diagnostics). Plasmids to generate cRNA probe for Smad4 was gifted by Prof. Dr. Rolf Zeller, University of Basel, Switzerland and for BMP4 and 6 was provided by Dr. Kapil Bharti, Ocular and Stem Cell Translational Research Unit, NEI. In situ hybridization was performed as described (Lin etal., 2018) and visualized by immunostaining with an alkaline phosphatase conjugated anti-DIG (1:1000), and NBT/BCIP developer solution (Roche Diagnostics).
Male whole urine exposure
2-month-old male Smad4 flox/flox control and conditional KO animals were single caged 2-3 days before the experiment. Male urine was collected and pooled from mice of mixed background. Male control and experimental mice were exposed to male urine and then perfused and collected 90 mins after exposure. The brains were sectioned parasagittal and the noses were sectioned coronal and immunostained for cFos and pS6 respectively. BS-Lectin I conjugated to Rhodamine (Vector) was used in order to distinguish between anterior and posterior AOB (Prince et al., 2013) .
Quantification and statistical analyses of microscopy data.
Data was collected from mice kept in same housing conditions. Measurements of areas, thickness and cell counts were performed on digital pictures using FIJI/ImageJ.
For some of the antigens that have different expression from the tips of the VNO to the center of the epithelium (where cells are mostly mature neurons) cell counts were done overlapping a mask to equally divide the VNO in seven 36-degree angled zones (Rosa-Prieto de la et al., 2010).
For all AOB quantifications most medial 3 parasagittal sections per AOB were used. We used confocal images of triple staining against VGlut2, Npn2, and Robo2 to trace the VGlut2 positive glomeruli in both Npn2 positive anterior and Robo2 positive posterior AOB. Using Fiji imaging tool, we generated maximum intensity projection image from the 3D stack to increase signal to noise ratio and manually traced each glomerulus. We analyzed the average number and glomeruli area in anterior and posterior AOB for each section. This was then used to determine the overall average of all technical replicates from each biological replicate. Number of glomeruli within area ranges was calculated and then compared between genotypes.
In animals ≥P15, the most medial 6-8 VNE sections were quantified for each series and averaged. Data form each genotype was grouped and used for statistical analysis.
Statistical analysis was performed using GraphPad, Prism 7.0b. Two tailed unpaired ttest were used for statistical analyses and p-value less than 0.05 was considered statistically significant. Sample sizes and p-Values are indicated in figure legends or in each graph.
RT-PCR
cDNA was synthesized from 1000 ng of RNA extracted from whole VNO of P21 Smad4 flox/flox animals (n=3) by using the kit by Invitrogen Super ScriptIII First Strand (Cat# 18080400). Semi-quantitative RT-PCR for BMP2,3,4,6,7, TGF-β1, TGF-β2 and GDF10 was done using cDNA generated from RNA isolated from dissected vomeronasal organ of Smad4 flox/flox mice using the primers indicated in Supplementary   Table 1. qPCR cDNA was synthesized from 500 ng of RNA extracted from whole VNO of control animals (P21) (Smad4 flox/flox and AP-2εCre +/or Smad4 flox/flox and OMPCre +/-) and (P21) cKOs (AP-2εCre +/-;Smad4 flox/flox or OMPCre +/-;Smad4 flox/flox ) by using the kit by Invitrogen Super Script III first strand catalogue # 18080400 . The expression of Nrxn1, Unc13c,Tenm2 and Robo2 was validated using qRT PCR using primers listed in Supplementary Table 2 . Three technical replicates of each sample were run and a standard curve was used to get relative quantities, which were then normalized to ubiquitin C.
Transcriptome analysis
Total RNA was isolated using PureLink RNA mini kit Cat # 12183018A from dissected vomeronasal organ of control (Smad4 flox/flox , AP-2εCre +/and OMPCre +/-) and
Smad4cKOs (AP-2εCre +/-/Smad4 flox/flox and OMPCre +/-/Smad4 flox/Flox ). RNA with RIN number higher than 8 on Agilent Bioanalyzer was used for further experiments. Libraries for mRNA seq were prepared using NEXTflex Rapid directional mRNA-seq Bundle, cat# 5138-10). To prepare libraries, PolyA+ RNA was isolated from 1 microgram of total RNA using 2 rounds of selection with poly dT magnetic beads (BioO Scientific) and used as the template for 1 st strand synthesis using random hexamers. Second strand synthesis was performed using the standard RNAseH-mediated nicking with dUTP for preserving strandedness. Double stranded cDNA was then used as the template for library construction following the manufacturer's recommendations for 1 microgram of starting total RNA (BioO Scientific NextFlex). Resulting libraries were quantified using the 
